Development of a second generation Electronic Nose at JPL is focusing on optimization of the sensing films to increase sensitivity and optimization of the array. Toward this goal, studies have focused on sources of noise in the films, alternatives to carbon black as conductive medium, measurement techniques, and development of an analytical approach to polymer selection to maximize the abilities of the array to distinguish among compounds.
INTRODUCTION
The JPL Electronic Nose (ENose) is a sensing array which is under development for environmental monitoring in crew habitat in spacecraft. The array is made up of weakly specific chemical sensors; the pattern and magnitude of response are used to identify and quantify the presence of contaminants. The device using the array is controlled and analyzed electronically, and mimics the action of the mammalian nose by recognizing patterns of response to vapors. Electronic noses such as this one are based on a biological model of "sniffing", detecting changes in the composition of the environment, and can be trained to detect new patterns.
The JPL Electronic Nose which flew on STS-95 used polymer/carbon composite films as sensing media in its 32 polymer/carbon composite conductometric sensors [1] [2] [3] . These sensors are conductometric chemical sensors which change resistance when the composition of the environment changes.
The sensors are made by dispersing carbon black in polymer films, and the films are deposited over a set of electrodes. The polymer films swell or shrink in response to changes in the surrounding atmosphere. The change in film volume results in a change in conduction paths through the film, and is measured as a change in resistance across the film.
Review of the data from the STS-95 flight experiment led to a program to optimize the Electronic Nose. Optimization considerations include the sensing films, methods of data acquisition, and selection of polymers for films in the sensing array.
Sensing film optimization studies to increase sensitivity have been focused primarily on decreasing noise in the response. Studies with this goal have included investigation of the sensor films and of measurement methods. Studies of the films include studies of the polymers used in the films and of the fabrication methods, including consideration of several materials as possible replacements for carbon black as the conductive medium in the film, including noble metals, metal oxides and carbon nanotubes.
Studies of measurement techniques have investigated the use of AC methods to follow sensor response. The first JPL ENose used DC measurements to monitor resistance changes in the sensing films. AC measurements of thin films can be more sensitive to changes at the interface of the electrodes and the films, and so AC techniques were considered for data acquisition.
The third goal in device optimization is improving analyte discrimination through a more analytical selection of polymers for the array. Previously, polymers were selected by statistical analysis of response of several tens of polymers to target gases [1, 3] . Development of a more analytical approach has taken the form of developing a model of polymer-analyte interaction. The model of polymer-analyte interaction will be used in conjunction with data analysis algorithms to determine the best set of polymers as sensors for particular sets of analytes.
NOISE STUDIES
The magnitude of noise in the response of the sensor films varies widely, and so studies of the sources of noise were initiated. Responses from the sensors used in the Early Human Test Experiment [3] and from the sensors prepared as spares for those used in the Flight Experiment were analyzed to determine the possible sources of noise in the responses. Studies of the sources of noise in the polymer based sensors used in the JPL ENose have considered two primary sources -physical characteristics of the deposited film such as thickness and distribution of the conductive medium, and of the polymer itself such as melting point, molecular weight and glass transition temperature; and identity of the conductive medium. Initial evaluation of the electronics for data acquisition and device control showed that noise resulting from operating the electronics alone is at least one order of magnitude smaller than noise in the sensor film.
FILM MORPHOLOGY, POLYMER IDENTITY AND RESISTANCE
Sensor films were made by dissolving the selected polymer in solvent, dispersing the conductive medium, usually carbon black, in the solution, and depositing the solution on the sensor substrate [3, 4] . The solution was deposited on each location in 1 µL increments until the film was conductive. The target resistance for each film was 1000 -50,000 Ω, but several sensors were outside that range.
In making sensor films, there is a tradeoff between film thickness and resistance. The thinner the film, the more sensitive it is likely to be, as lower concentrations of analyte are necessary to fill the thickness of the film and cause a substantial swelling which is monitored as resistance change. However, the thinner the film, the higher the resistance. Resistance in a thin film can be decreased by dispersing a greater quantity of conductive medium, but there is a limiting quantity beyond which the swelling in the polymer will be insufficient to cause a resistance change [5] .
For this phase of ENose development, film thickness was not controlled in an effort to make films with resistance 1000 -50,000 Ω. Identification of sources of noise will assist in finding approaches to keeping films as thin as possible for good sensitivity to low concentrations of analyte.
Because of the measuring circuit used in the JPL ENose, signals are amplified as the resistance of the film increases, and so noise will increase with resistance. This increase is systematic noise, and is not considered in these noise studies. Future generations of the device will use a circuit designed to minimize this effect.
Review of data taken on several films showed that there were several sensors which had similar baseline resistances but significantly different levels of noise in the response. These sensors were selected for further study. Electronic noise from the devices was measured to be about an order of magnitude smaller than noise in the sensors. Noise in the sensors was measured as normalized change in resistance, ∆R/R 0 in clean air against a baseline resistance, R 0 .
A review of physical characteristics of the polymers, i.e. molecular weight, glass transition temperature, and melting point, showed no correlation between those characteristics and the level of noise.
The most significant correlation to be found was in polymer identity. Films which had similar baseline resistance could have noise levels which differed by about an order of magnitude, yet this difference was reproducible from example to example of the films. Figure 1 shows a photograph of two sensors which had dramatically different noise levels. Several sensors made with poly vinylchloride/vinyl acetate consistently had baseline resistances of 30-40 kΩ and noise on the order of 4 x 10 -5 , while sensors made with polyvinyl acetate had baseline resistances in the same regime and noise on the order of 3 x 10 -4
. In both cases, the films appear to have carbon homogeneously distributed. Sensors made with two different polymers, poly vinylchloride/vinyl acetate (left) and polyvinyl acetate (right) had similar baseline resistance but different levels of noise.
Polymers which were poorly adherent such as vinyl alcohol/vinyl butyral copolymer tended to have high resistance in spite of deposition of several µL of solution. The high resistance was accompanied by high noise.
Even in cases where the carbon conductive medium was poorly dispersed in the films, as shown in Figure 2 for poly caprolactone, the noise level was consistent with the baseline resistance.
MEASUREMENT TECHNIQUES
Impedance measurement techniques were investigated to determine whether they would result in improved signal to noise ratios compared with DC measurements. It was hypothesized that a frequency which excluded some or all components of noise could be selected. Carbon-filled polyethylene oxide films were used to measure responses to methanol and water. Figure 3 shows the comparison between measurements at several frequencies as well as a DC measurement. The same film was used for each measurement. At 15 minutes, the film was exposed to 2500 ppm of methanol, and at 30 minutes, the humidity is increased from 1% RH to 30% RH. In the case of the DC measurement, the signal is expressed as the change in resistance divided by the initial resistance.
In the case of the AC measurements, the signal is expressed as the change in the impedance divided by the initial impedance. Impedance was measured in the frequency range of 100-100,000 Hz. In AC and DC measurements of the same event, sensor responses were comparable. As can be seen in Figure 3 , it was possible to exclude some low frequency noise which contributed to baseline drift, but AC techniques did not yield better signal to noise ratios or increase sensor sensitivity significantly. It was determined that the best approach to increasing the signal to noise ratio would be to increase the number of averages on each DC measurement from 16 to 64, which would add a few milliseconds to the time to query each sensor in the array and suppress some noise.
CONDUCTIVE MEDIUM
A number of investigators have studied the properties of polymer composites for sensor as well as other applications. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Although most of the work has been done using carbon-based fillers, there have also been studies of polymer composites which include metals [8] and vanadium oxide [6] as the conductive medium.
Currently, the conductive medium in the polymer composite sensor films is carbon black. A typical composite film is 20% carbon by weight [1, 4] . It is possible that the carbon in the film contributes to analyte adsorption process in the sensor films, which could result in non-linear responses at low analyte concentration and in reaction between sorbed analyte and new analyte. In order to eliminate or reduce the possibility that carbon interferes with the sensing process, several alternative media were investigated.
Several materials have been used to make conductive films, including metals, metal oxides, and fullerenes [5] [6] [7] [8] [9] [10] [11] [12] . A variety of materials were tested for use as conductive media in the polymer films, including gold powder (0.5-1.0 µm), silver powder (0.8-1.5 µm), nickel powder Inco type 123, vanadium oxides (V 2 O 5 and V 2 O 3 ), RuO 2 , antimony doped SnO 2 colloidal dispersion in water (10 nm), and single wall carbon nanotubes (SWNT). Single wall carbon nanotubes were donated by Prof. R. Hauge of Rice University; Ni powder was donated by Novamet. All other materials were purchased from Alfa Aesar. The materials were dispersed in several different polymers, primarily poly (ethylene oxide), poly (ethylenimine), poly (epichlorhydrin), and poly (4vinylphenol).
Of the metals and metal oxides, only silver resulted in a working sensor film. This film operated for only ~20 hours until the silver particles oxidized and film resistance went above 2 MΩ. In many cases, the metals and metal oxides could not be dispersed homogeneously in the polymer films.
In other cases, where the metals dispersed, the baseline resistance was either greater than 2 MΩ or less than 50 Ω, neither of which is suitable for sensing. The percolation curve for the onset of conductance is very steep for these materials, and so it was not possible to find a load of metal which would result in a moderately conductive film.
SWNT are much more promising as conductive media for polymer-composite sensors. Although the SWNT are made of carbon and have vapor sorption properties similar to graphite [13] , it is possible to make sensor films with a much smaller conductor/polymer ratio than with carbon black. Using poly (4-vinylphenol), two films were made for comparison, one with a carbon black load of 11% by weight and the other with a SWNT load of 3% by weight. Figure 4 shows the response of each film to 100 ppm of ethanol. It is possible to reduce the load of carbon in the film significantly and still get equivalent responses. Because SWNT will align spontaneously, it is possible that the tubes form conductive chains in the polymer film, making conductive pathways which are more direct than the pathways produced by the carbon particles. Thus, a smaller load of SWNT is required to make the film conductive in the 5 -20 kΩ range. A carbon black load of 3% by weight would result in a film with a resistance in the MΩ range, and so would not be suitable for this device. 
POLYMER-ANALYTE INTERACTION
A model of polymer-analyte interaction which takes account of physical and chemical processes in the sensor film in the presence and absence of analyte would assist in the process of selecting an array of polymer films. The concept fundamental to array based sensing is that the sensors are weakly specific and responses will form a pattern which is distinct enough for each analyte that the analyte can be identified. In the flight experiment phase of the JPL ENose program, polymers for the array were selected by analyzing response data for several tens of polymers [1, 3] in order to find the set of 16 polymers which gave the most distinct patterns for the target analytes.
With a model of polymer analyte interaction, it will be possible to predict the response of a polymer to an analyte, which will allow selection of an array of polymer film sensors to match a set of potential analytes. In this way, sensors can be selected for changeout of the array as sensing needs change. If a validate model which takes account of functional group of the analyte can be developed, it may allow identification of unknown compounds by functional group as films with widely different responses are used in an array.
The first step toward development of such a model is investigation of polymers and analytes using the Linear Solvation Energy Relationship (LSER) method of M. H. Abraham [14] , using published values measured or calculated for particular polymers and analytes [13, 15] .
McGill et al. used these data to make predictions on SAW-polymer-sensor array responses to analytes at saturated vapor pressure [15] . More recently, Eastman et al. used solubility parameters to categorize chemiresistor responses [16] .
In the LSER approach, polymer-analyte interaction is modeled as a solubility reaction where the analyte is the solute and the polymer the solvent. LSER describes solubility by combining solvation energy terms that quantify contributions from various solution processes, including polarizability, dipolarity, basicity, and acidity .
This approach predicts the response of a particular polymer to a particular analyte as a relative response is proportional to an equilibrium constant, K, the ratio of the concentration of analyte in the vapor phase above the polymer film to the concentration of analyte sorbed within the polymer film. The LSER calculation of K is based on saturated vapor pressure of analyte and assumes equilibrium conditions. Figure 5 shows the calculated equilibrium constant for six analytes in the presence of three polymer films. These equilibrium constants take account only of the sorption of analyte in the film. The relative response of a sensor film made from each polymer will be proportional to log K if the only cause of response is swelling in the film initiated by sorption of analyte vapor.
In Figure 5 , analytes are ordered from largest to smallest dipole moment, from left to right. As can be seen in the figure, the response of a non-polar polymer such as polyisobutylene (PIB) is calculated to increase with decreasing polarity of the analyte, although the trend is not perfect. While benzene is less polar than toluene, K is larger for the solvation of benzene in PIB than for solvation of toluene. Figure 6 compares the calculated relative responses of the three polymers to two analytes, benzene and 2propanol, alongside the measured response for a carbon-polymer composite sensing film. As can be seen, the LSER equilibrium constants are not exact predictors of the relative responses of the polymers to the analytes; however, the trends of the calculated responses match the trends of the measured responses. As a first step in developing a model, LSER is a useful tool, and can be used to select polymers for a set of analytes.
Solubility of analyte in the polymer film is only one aspect of film response; this first step in investigating solubility and sorption of the analyte does not account for adsorption of analyte on the carbon conductive medium dispersed in the film. Neither does the LSER approach account for analyte molecule diffusion within the film, film thickness, or hydration of the film.
Further work in constructing a model of polymer-analyte interaction with the goal of developing a method for predicting polymer film responses and selecting the best set of polymers for any one array is ongoing.
Research on optimization of the sensing films and the sensing array in the JPL Electronic Nose is ongoing. Studies of sources of noise have found that the primary correlation for noise is polymer identity, a problem that can be solved by replacing noisy polymers. The circuit in the existing devices amplifies noise as a function of resistance; a new circuit is being designed to avoid that situation.
Studies of alternative conductive media have found that metals and metal oxides require too high a load to make films conductive to be useful in this device.
The percolation curve for the onset of conductance in films is very steep for metals and metal oxides.
Single wall carbon nanotubes make a promising conductive medium for polymer composite conductometric sensors. The percolation curve for the onset of conductance is similar to that of carbon, yet a load of 3% by weight of nanotubes is sufficient to make a film conductive in the 5 -50 kΩ range.
Optimization of the sensor array requires studies of the interaction between polymers used to make sensor films and target analytes. As a first step, solvation energy relationships have been used to describe the equilibrium condition for vapor sorbed in and above a polymer film. This approach offers a guide to film selection. Development of a model is ongoing, and the model will be expanded to include other processes such as analyte molecule diffusion within the film, film thickness, hydration of the film and possible reactions in the film. 
